We present a method for estimation of preferred P-wave attenuation direction in fractured media based on azimuthally varying attenuation. The method can be applied to Q-estimates extracted from multi-azimuthal 3D seismic data involving surface reflection data and VSP. The method proposed is called QVOA analysis (that means variation of attenuation, or seismic quality factor Q, versus offset and azimuth); it is based on an analytical expression for P-wave attenuation as a function of wavepropagation direction in HTI medium. The expression appears to be similar to Rüger's approximation for PPwave reflection coefficient as a function of incidence angle and source-receiver-line azimuth. In this connection, the proposed technique of QVOA analysis is similar to the well-developed technique for azimuthal AVO analysis (AVOA). An application of the method is illustrated on synthetic data generated from Hudson's effective-medium model with a fluid-flow attenuation mechanism. Also we predict relationships between attenuation anisotropy and fractured medium properties.
Introduction
In seismic frequency range, anisotropy of attenuation was observed in walk-around VSPs and from surface seismic reflection data . The theoretical studies of , and provided effective-medium models, which explained azimuthal attenuation variations in fractured media by fluid-flow mechanisms. From all these theories it follows that "the more attenuated azimuth" is perpendicular to the aligned flow conduits. We present the method based on azimuthally varying attenuation, which we call QVOA by analogy with AVOA. The method goal is to extract the azimuths of attenuation maximum and minimum from multi-azimuth 3D P-wave reflection data (or VSP). The minimum corresponds to the fracture strike, which is assumed to be the direction of maximum horizontal permeability . To illustrate and test the method, we use Hudson's theory, which incorporates the mechanism of attenuation due to fluid flow between cracks and porous rock matrix (that is the "equant-porosity" model). We consider that Hudson's attenuation mechanisms provide 2 cos -trend in the azimuthally varying attenuation for seismic frequency range, with the attenuation maximum in the crack-normal direction, and consequently the minimum in the in-crack direction.
The method QVOA requires estimation of Q from seismic data. For example, the well-known spectral ratio method can be applied to azimuth-sectored CMP gathers in order to estimate Q-values for each individual offset, as well as the frequency shift method can be used ). An application of the spectral ratio method to a truerelative-amplitude CMP gather (termed "QVO method") was developed by , and .
Background
According to , the dependence of Pwave attenuation on wave-propagation direction can be approximately expressed as . The normal weakness N as well as the tangential one, T , were introduced originally for the non-attenuative fractured medium (TI) as real quantities , see Appendix.
Taking square root from left-hand and right-hand sides of equation (1) weak-anisotropy approximation for PP-wave reflection coefficient, which is widely used in azimuthal AVO analysis. One can see that the attenuation maximum is in the fracture normal direction ( 0 , that is slow P-wave-velocity direction), and the attenuation minimum is in the fracture strike direction ( 2 / , i.e., fast P-wave-velocity direction). The QVO gradient (divided by 0 ) can be expressed as
where B is the gradient maximum (or symmetry-axisplane gradient divided by 0 ),
From here, one can see that the azimuth-variation magnitude, B , depends only on the host-rock parameter
). We have derived equation (1) assume that the tangential weakness T is real, because the imaginary part of the complex weakness T ~, which is responsible for the intra-crack viscous dissipation, turns to zero . The phase velocity becomes complex, and the attenuation 1/Q can be expressed from it as:
, where Re and Im denote real and imaginary parts, respectively (e.g., . Then the exact version of equation (2) 
(6) The approximation (2) can be used instead of the exact equation (6), assuming
that is valid for weak anisotropy media.
The equations (2)- (4) are the QVOA-method background. An illustration and validity of the method will be shown on synthetic data.
Application of the method to synthetic data
For estimation of P-wave Q-anisotropy from wide-azimuth 3D reflection data, one should sector by azimuth the data, as it is commonly used for azimuthal AVO analysis. Figure  1 shows a scheme for 6 source-receiver lines selected for a certain CMP.
The model-input azimuth of the symmetry axis was set by . For the modeling, we have generated synthetic Q-data following the "exact" equation (6), in which the value of I N was calculated for the "equant-porosity" model ; the details and model-input parameters are given in Appendix. For each individual source-receiver line, k , an individual value of QVO gradient, k , should be determined. This is the first step of the method shown in Figure 2 . The Q-data was recalculated to 2 / 1 Q y and plotted versus 2 sin x , squared sine of incidence angle . According to equation (2), the Q-data was fitted by a linear dependence x y 0 (using the least squares method). And so, the line intercept and slope gave the value of 0 and the QVOgradient value .
This procedure was applied to each of six k -azimuth Qdata, and that yielded six pairs of QVO-gradient value and intercept value 0 . Then each was divided by its indicates the attenuation-minimum direction, or fracture-strike orientation, which is considered to be the direction of maximum horizontal permeability (or preferred fluid-flow direction).
In Figure 3 , the QVO-gradient-maximum value is greater for gas-filled cracks than for liquid-filled cracks (i.e., with brine or oil). That is due to the term (6), which always gives larger B -values for gasfilled cracks than for liquid-filled cracks (because, for gas- As it is shown in Figure 4 and follows from the expression for N given in Appendix, the change in crack parameters (fluid type, crack-aspect-ratio and crack density) results in the change of N -value. The normal weakness N affects P-wave velocity anisotropy much, but, however, its impact on P-wave attenuation anisotropy is found to be insignificant. The QVO-gradient maximum B is more sensitive to the change of P S V V / -value (from 0.4 to 0.6), than to the change of crack-infill type (from brine/ oil to gas). This is the main feature of Q-anisotropy (on the contrary to velocity anisotropy). The attenuation-anisotropy magnitude strongly depends on the host-rock P S V V / -parameter, while the dependence on fracture parameters is weak. Such dependence on P S V V / makes Q-anisotropy much stronger than crack-related velocity anisotropy:
This ensures the validity of the approximation for attenuation, equation (6), by the fulfillment the requirement (7). The approximation is ideal for liquid-filled cracks due to its small N -value, and, therefore, the right part of the condition (7),
, is perfectly fulfilled.
Conclusions
We have developed the analytical expressions for estimating anisotropic attenuation in fractured HTI media and defined relations between attenuation anisotropy and fracture properties. Attenuation is represented by an equation analogous to Ruger's approximation for the Pwave reflection coefficient for TI media. We propose using this attenuation approximation to estimate properties that QVOA analysis as an instrument for fracture characterization indicate fracture direction. The algorithm is intended to estimate attenuation attributes from measurements of attenuation in seismic reflection data and VSP. The method was illustrated on synthetic Q-data, and the accuracy of the attenuation-anisotropy approximation was approved. However, attenuation is difficult to estimate from seismic data, and without an application to real data, the reliability of the method cannot be evaluated. The next step of the method development should demonstrate the QVOA method on seismic data and analyze the errors in the estimated parameters. The method QVOA has a great potential because it uses relative characteristics of attenuation and not its absolute values which are known to be deficient in accuracy. Table 1. 
